produced by y-secretase, in the presence or absence of
CA-074Me (Supplemental Fig. S2). ,

In addition, we treated vy-secretase-deficient PSI™/~
PS27/" cells with CA-074Me. Western blot analysis with
an anti-APP antibody showed that CTFa significantly
accumulated in PSI"/"PS27/ cells following CA-
074Me treatment (Fig. 5C, D). From these results, we
concluded that cathespin B had no effect on the
production of CTFs from APP, and cathepsin B de-
grades CTFs independently of y-secretase.

Cathespin B degrades AICD in vitro

To examine whether AICD is directly degraded by
cathepsin B, we subjected synthetic AICD to increasing
quantities of purified cathepsin B for 60 min either in
the absence or presence of CA-074 (Fig. 6). AICD
degradation was assessed by Western blot using an
anti-APP antibody. AICD was efficiently degraded by
cathepsin B. This degradation by cathepsin B was
promptly abolished by CA-074.

v-Secretase prefers to degrade phosphorylated APP,
whereas cathepsin B processes all APP substrates in
the same way

Our above results indicate that cathepsin B contributes
to the degradation of both CTFs and AICD indepen-
dently of y-secretase. We hypothesized that there was a
regulatory factor for proteolysis of CTFs by cathepsin B
or <y-secretase. A previous study demonstrated that
CTFs phosphorylated at Thr668 facilitate their own
processing by vy-secretase (22). We treated APPy;-H4
cells with CA-074Me, B-secretase inhibitor IV, or
1-685,458, and then assessed the levels of phosphory-
lated CTFs (pCTFs) and total CTFs containing phos-
phorylated and nonphosphorylated CTFs (npCTFs)
(Fig. 74, B). We used CTFs containing CTFa and CTFB,

both of which are y-secretase substrates. In the case of
treatment with CA-074Me or B-secretase inhibitor IV,
the ratios of the accumulated pCTFs to total CTFs did
not show a significant difference. In contrast, the
vy-secretase inhibitor 1-685,458 caused an increase in
this ratio. This significant increase in phosphorylated
CTFs means that treatment with L[-685,458, unlike
treatment with CA-074Me, caused the increased accu-
mulation of pCTFs over npCTFs.

To discern the difference between pCTFs and npCTFs
for y-secretase activity, we established a cell line that stably
overexpressed APP mutated at a phosphorylation site
(Thr to Ala on 668; APPyy t,-H4 cells) and then com-
pared the accumulation rate of CTFs in APPy;-H4 cells
with that in APPy; ra-H4 cells (Fig. 7C, D). Although
‘treatment with CA-074Me caused an increase in CTFs in
both APPy;-H4 cells and APPyy; _14-H4 cells as compared
to vehicle treatment in each cell, there was no significant
difference in the accumulation rate of CTFs between
APP-H4 cells and APPyyp _1p-H4 cells. In contrast, treat-
ment with 1-685,458 caused accumulation of CTFs in
both APPy;-H4 cells and APPy; _1,-H4 cells as compared
to vehicle treatment in each cell, and the accumulation
rate of CTFs in APPy;-H4 cells was 4.5 times larger than
that in APPy; rs-H4 cells. From these data, we could
conclude that cathepsin B catalyzed the proteolysis of
CTFs regardless of APP phosphorylation, whereas y-secre-
tase preferred pCIFs to npCIFs.

DISCUSSION

Cathepsin B, a well-characterized endosomal/lysosomal
cysteine protease in mammalian cells, plays major roles
in intracellular protein proteolysis (23, 24). Its specific
inhibitor CA-074Me is a membrane-permeable analog
of CA-074 that inhibits intracellular cathepsin B. CA-
074Me is widely used in vivoand in vilro, although some

A B Cathepsin B 5ng C

CA-074 (1 M) ~ + = Cong  H1ong CA-074 (1 1M) - +
CathepsinB(ng) — - 1 5 10 50 50 50 Bitns  Msong Cathepsin B (ng) — — 50
Incubation {min) 0

AICD b 3

(AB717)
D incubation
3 0 min 30 min
15 min B 60 min

(A87T17)

Cathepsin B {ng)

Incubation (min)

Figure 6. Cathepsin B degrades AICD in vitro. A, C) Representative Western blots with
A8717 show effect of in vitro cleavage of AICD by increasing quantities of purified cathepsin
B (1, 5, 10, and 50 ng) for 60 min (A) and by a selected quantity of cathepsin B for
increasing reaction times (0, 15, 30, and 60 min; C). In vilro degradation assays were
performed in the presence or absence of 1 pM CA-074. Remaining amounts of AICD were
measured by semiquantitative Western blot analysis. B) Results of Western blot analysis
shown in A. ¥*P< 0.05, #**P < 0.01 vs. no cathepsin B (60 min incubation) group. D) Results
of Western blot analysis shown in C. *P < 0.05, *#P < 0.01 vs. 0 min incubation group;

##P < 0.01 vs. corresponding CA-074 group. Data represent means * sk of 3 experiments.
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Figure 7. Phosphorylation of CTFs is a regulatory factor for differential
proteolysis by either cathespin B or y-secretase. A) Amounts of CTFs (CTFx and
CTFB) and phosphorylated CTFs (pCTFa and pCTFB) in the cell lysates of
APP;-H4 cells treated with CA-074Me (10 pM), B-secretase inhibitor IV (1
M), or L-685,458 (1 wM) for 24 h were measured by semiquantitative Western
blot analysis. CTFa and CTF were detected with A8717; pCTFa and pCTFB
were detected with anti-pAPP antibody; B-actin (loading control) was detected
with AG-74. B) Results of Western blot analysis shown in A: ratios of the
accumulation rate of pCTFs to the accumulation rate of CTFs. **P < 0.01 us.
1-685,458-treated group. €) Amounts of CTFs (CTFx and CTFB) in the cell
lysates of APPy;-H4 cells or APPy;, 14-H4 cells treated with CA-074Me (10 pM)
or 1-685,458 (1 uM) for 24 h were measured by semiquantitative Western blot
analysis. CTFo and CTFR were detected with A8717; B-actin (loading control)
was detected with AC-74. D) Results of Western blot analysis shown in C. **P <
0.01 vs. corresponding APPy; 1,-H4 group. Data represent means * si of 4

experiments.

studies suggest that CA-074Me deprives the specificity
of cathepsin B by methyl esterification, to distinguish
between inhibition of cathepsin B and that of other
cysteine proteases, such as cathepsins H, L, and cal-
pains (12-15). In the present study, we have demon-
strated that cathepsin B possesses two novel roles in the
metabolism of APP using a pharmacological approach
- with CA-074Me. Although chloroquine or NH,Cl treat-
ment has been reported to cause accumulation of both
CTFs and AICD, which are a substrate and product of
vy-secretase (11), CTFs have been recognized to be a
substrate of only y-secretase (1-4). As shown here,
however, CTFs are also a substrate of cathepsin B;
cathepsin B degraded CTFs with or without Swedish
FAD mutation of APP independently of +y-secretase
(Figs. 1, 2, and 5 and Supplemental Fig. S1) but did not
affect Notch processing (Fig. 4). The key regulatory
factor to determine an alternative pathway of CTF
degradation in which cathepsin B or vy-secretase may be
involved is phosphorylation at Thr668 of APP (Fig. 7).
In addition, cathepsin B is also involved in 'degradation
of AICD (Figs. 1, 2, and 6 and Supplemental Figs. S1
and S3).

The organelles in which cathepsin B degrades CTFs
and AICD are a critical issue. In the hippocampal CAl
pyramidal neurons in mice, cathepsin B is primarily
localized in the lysosomes and early endosomes (25). In
the lysosome, one model posits that a KFERQ-like motf
in APP, which is a specific pentapeptide lysosome-
targeting consensus sequence (26), is recognized by a
complex of chaperone proteins (including the heat
shock 73-kDa protein, Hsc73) and then targeted to the

CATHEPSIN B DEGRADES APP C-TERMINAL FRAGMENTS

lysosomal membrane for binding to LAMP2a, followed
by transportation into the lysosomal lumen for degra-
dation (27). Alternatively, Hsc73 binds to APP at an-
other site unrelated to KFERQ sequence (28). How-
ever, in the early endosome, it is also possible that
cathepsin B directly encounters CTFB and AICD, which
has been freshly produced, and degrades them. APP
interacts with B-secretase [B-site APP-cleaving enzyme
(BACE)] at the cell surface and then appears to be
internalized together into early endosomes, undergo-
ing B-cleavage (29), and PS also localizes in the early
endosome, generating AR and AICD (30). On the
other hand, because CTFa is thought to be produced
by a-secretase at the cell surface (31), CTFa might be
led to the lysosome by Hsc73, and thus be degraded by
cathepsin B. Cathepsin- B-mediated- degradation of
CTFo, CTFB, and AICD might occur in different sub-
cellular compartments and be regulated by different
signaling.

The mode of regulation of cathepsin B activity re-
mains unclear. Putative models include an endogenous
cysteine protease inhibitor cystatin C (32) and a feed- -
back mechanism based on AICD. AICD is assumed to
function as a transcription activating factor for target-
ing APP, BACE, and neprilysin genes (33, 34). If gene
expression of APP and BACE is up-regulated by AICD,
AR levels should be increased. The major AB-degrading
enzyme neprilysin, which is also likely to be upregu-
lated, regulates levels of AB. AB42 activates cathepsin B
(25), and then cathepsin B degrades CTFs and AICD to
regulate transcription via AICD. An alternative name
for cathepsin B is APP secretase (APPS), and it has been
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suggested that cathepsin B is involved in proteolysis of
FL-APP. Although it was initially demonstrated that
cathepsin B has a-secretase-like activity through exper-
iments with an artificial substrate that mimicked the
a-secretase cleavage site (35), Hook ef al. (14) showed
that cathepsin B functioned as a B-secretase in the
regulated secretory pathway against wild-type but not
the Swedish mutation of APP. Moreover, it has been
reported that cathepsin B has AB-degrading activity in
vivo and in wvitro, reducing the amount of amyloid
plaques in aged AD model mice by lentivirus-mediated
expression of cathepsin B (25). In the present study,
cathepsin B seems to have no «- or B-secretase activity,
and it may contribute to some AR degradation. How-
ever, cathepsin B is likely to be a multifunctional
enzyme for APP metabolism; further studies are needed
to establish its role in APP processing. First, for under-
standing the contribution of cathepsin B as B-secretase,
it is important to estimate a ratio between A present in
the regulated secretory pathway and AB present in the
constitutive secretory pathway in normal or AD brain.
Second, from a different perspective, because treat-
ment with CA-074Me results in acute inhibition of
cathepsin B, there is no denying that a pharmacological
approach with CA-074Me results in a different outcome
than a genetic knockout experiment. As indicated
_above, cathepsin B-deficient mice exhibit no obvious
phenotype, including the amounts of CTFs (25, 36);
however, it has been suggested that cathepsin L com-
pensates for the deficiency of cathepsin B. In this study,
the treatment with E-64d, which is a broad cysteine
protease inhibitor, caused accumulation of CTFa,
CTFR, and AICD. In cases in which CA-074Me loses the
specificity of cathepsin B, cathepsin L 2lso might be
involved in degradation of CTFa, CTFB, and AICD.
Cathepsin B and L double-knockout mice are terminal
during the second to fourth week of life and show
neuronal loss (37). Although it has been reported that
cathepsin B produces CTFB in the regulated secretory
pathway (14, 38, 39), our study clearly showed that
cathepsin B degrades both CTFs and AICD. Since CTFs
themselves are toxic (40) and AICD transgenic mice
display age-dependent neurodegeneration (41), it may
not be advisable to inhibit cathepsin B activity to treat
AD, which may worsen rather than improve AD.
Protein phosphorylation, in particular, plays a signif-
icant role in a wide range of molecular and cellular
biology. Reversible phosphorylation of proteins is an
important regulatory mechanism that may influence
conformational changes in the structure, altered local-
ization, and enzymatic activity regulation. Phosphoryla-
tion of APP has been previously reported to induce a
conformational change in the cytoplasmic region to
alter interaction with Fe65, a neuronal-specific adaptor
protein (42). The transfection of APP containing a Thr
to Glu mutation (mimics phosphorylation) with Fe65
increases AP levels (42). Phosphorylation by stress-
induced c-Jun N-terminal kinase (JNK) enhances pro-
teolysis of pCTFs by ry-secretase (22). Although further
investigation of the relationship between phosphoryla-
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tion of APP and cathepsin B is required, we have
provided indirect evidence that cathepsin B degrades
CTFs at a constant rate without distinction for the
phosphorylation state of the CTF (Fig. 7). Interestingly,
inhibition of cathepsin B showed no significant differ-
ence in AP levels in our experimental paradigm: (Sup-
plemental Fig. $2). This result indicates that cathepsin
B and vy-secretase share CTFs as a substrate but do not
compete against each other. However, y-secretase pref-
erably hydrolyzed pCTFs over npCTFs (Fig. 7). Why
inhibition of y-secretase causes an increase in the ratio
of the accumulation rate of pCTFs to the accumulation
rate of CTFs and why inhibition of cathepsin B does not
show this result are interesting puzzles still to be
resolved. The significant decrease in the accumulation
rate of CTFs in APPy;_ta-H4 cells, as compared to that
in APPy;-H4 cells, when the -vy-secretase inhibitor
1-685,458 was administered confirms that APP phos-
phorylation regulates proteolysis of CTFs by y-secretase.
Cyclin-dependent kinase-5 (Cdk5), glycogen synthase
kinase-38 (GSK-38), and JNK are believed to phosphor-
ylate APP at Thr668 (43), suggesting that inhibitors of
these kinases would be effective drugs in the treatment
of AD. Indeed, the GSK-3 inhibitor lithium chloride
reduces AP levels (44). Kinase inhibitors, unlike

-y-secretase inhibitors, would be expected to specifically

block y-cleavage of CIFs derived from APP without
inhibition of vy-cleavage of other substrates (44). Fur-
thermore, because these kinases also phosphorylate
tau, which is a major component of neurofibrillary
tangles, inhibition of these kinases decreases levels of
hyperphosphorylated tau, preventing neurodegenera-
tion and neuronal loss without AB reduction *(45). In
addition, based on our results and previous findings,
serine/threonine phosphatases are also drug candi-
dates. Protein phosphatase 2A (PP2A) is one of the
most important phosphatases in the brain (46). PP2A
activity decreases in AD brains (47), suggesting that AR
is overproduced by activation of <y-secretase. This de-
creased PP2A activity also promotes phosphorylation of
tau (47).

We propose the following model for roles of cathep-
sin B in APP processing. APP is metabolized by a- and
B-secretase to generate CTFa and CTFB, respectively.
y-Secretase and cathepsin B continuously hydrolyze
CTFs; however, y-secretase prefers the phosphorylated
form of CTFs as substrates and then produces AICD
from CTFs. pCTFs, npCTFs, and AICD are substrates
for cathepsin B.

In summary, the present data demonstrate, that ca-
thepsin B contributes to the degradation of CTFs and
AICD independently of -, 8-, and vy-secretases and that
y-secretase prefers pCTFs to npCTFs but cathepsin B
does not. This study also suggests that reducing this

phosphorylanon may be a candldate for therapeutic
intervention in AD.
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Huntington disease (HD) is caused by the expansion of polyglutamine (polyQ) repeats in the amino-
terminal of hungtintin (htt). PolyQ-expanded htt forms intracellular ubiquitinated aggregates in neurons

1l lular mpdel ;we report that Tolhp. an ubnqumn bind-
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Huntington disease (HD; OMIM 143100) isa; ‘ogresswe autoso-
mal dominant neurodegeneratxve dlsorden sed by eéxpansion of
polyglutamine (polyQ) in the hungtintin (htt) protein. The gene
“encoding htt contains a CAG repeat in exon 1, and this repeat is
expanded in HD patients. Although full-length htt is ubiquitously
expressed as a 348-kDa cytoplasmic protein, the amino-terminal
fragments of polyQ expanded htt (httPQ) tend to form ubiquiti-
nated intracellular aggregates and exert toxicity in neuronal cells
[1]. HttPQ has been shown to cause protein misfolding, aberrant
transcription, chaperone activity inhibition and proteasome dys-
_function, although the exact molecular mechanism by which polyQ
exerts cellular toxicity is unknown [8].

Tollip (Toll-interacting protein) is a ubiquitin binding protein
that is involved in sorting of ubiquitinated proteins from endo-
somes to lysosomes for degradation including that of interleukin-1
receptor (IL-1R) [3,4]. Tollip binds to ubiquitin through the CUE
(coupling of ubiquitin to ERdegradation) domain and interacts with
clathrin and Tom1 (target of Myb protein 1), leading to formation

-of a multi protein complex for protein degradation [9]. Tollip is
localized in endosomes, and disruption of the Tollip gene results in
accumulation of IL-1R in endosomes and deficiency in lysosomal
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degradatmn of: IL—lR IS].__hTollxp is reported as a protein concen-
trated1 fpolyglutamm aggregates [5], and the ubiquitin binding
protein p62 (also known as sequestosome 1) is known to mediate
autopliagy-dependent clearance of polyQ aggregates with accel-
erating httP2 aggregation {13]. These observations suggested that,
like p62, Tollip may be involved in httPQ aggregation and degra-
dation through ubiquitin binding and membrane sorting activities.
Thus, we decided to analyze the role of Tollip in httPQ aggregation,
trafficking and cytotoxicity in neuronal cells.

Experimental procedures: The htt expression constructs, pIND-
tNhtt-EGFP-60Q and pIND-tNhtt-EGFP-150Q, and the gener-
ation of the stable Neuro2a cell lines expressing htt pro-
teins were prov1ded by Dr. Nukina [7]. The stable cell lines
(HD60Q and HD]SOQ) were maintained in DMEM supple-
mented with 10% fetal bovine serum, 04mg/ml Zeocin and
04 mg/ml G418 (ngma) All transfections were performed using
the Lipofectamine 2000 reagent (Invitrogen) according to the

. manufacturer’s mstructxons To knockdown Tollip, cells were

transiently transfected with Tollip stealth siRNA duplex olig-
oribonucleotides, 5'-UCUCAAGGUAGAACGAGUCCACACC-3' and
5'-GGUGUGGACUCGUUCUACCUUGAGA-3' or Stealth RNAi Nega-
tive Control Duplexes, while Tollip overexpression was achieved
by transiently transfected with the RFP-Tollip expression vector
[mouse Tollip cloned into the RFPc1 vector (Invitrogen)]. To assess
iflevels of Tollip affected aggregate formation, cells were transiently
cotransfected with either GFP-Tollip (or empty GFP cassette) and
htt (20Q, 80Q or 87Q) exon1 fused with a V5 tag. Twelve hours after
transfection, 1 .M of ponasterone A (Invitrogen) for induction of
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Fig. 1. Tollip associates with aggregates of polyQ-expanded htt and affects polyQ aggregation. (A) GFP-Tollip overexpression shows the same localization pattern as endoge-
nous Tollip in the htt150Q Neuro2a cell liné without induction. At 48 h of transfection, cells were analyzed by immunostaining. Tollip distributed in small granular particles
in the cytoplasm. Bar=20 pm. (B) Cells were transiently transfected with GFP-Tollip or RFP-Tollip for 48 h (left), or Tollip siRNA for 48-72 h (right). Tollip expression level was
analyzed by Western blotting. (C) Htt150Q-expressing cells were transfected with Tollip siRNA or control siRNA for 48 h. Tollip siRNA treated cells exhibits decreased htt?Q

aggregation. Arrows indicate GFP-positive cells that do not form httP? aggregates. Bar=50 um. (D) Tollip knockdown inhibits httP® aggregation. HD150Q and HD60Q cells
were transfected with Tollip siRNA or control siRNA, and aggregate-containing cells were counted (n=3).*,p<0.01.
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aggregation was added to the culture and then incubated for an
additional 24 h. To count aggregate containing cells, 1 x 103 cells

were seeded into chambered slxdes, and aggregate contammg cells

were manually counted. using a
cell death, 5 x 105 cells weére inoculated int
plates, 48 h following transfection, cells were dxfferentxated w1th

cence rmcroscope To test

-5mM dibutyryl cyclic:AMP in the: presence of 1 M of ponas-._}
terone A and allowed to incubate for three days Aggregate countmg
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fected with Tollip stealth 51RNA duplex orplasmxd e
(transfection efficiency’ was almost 90%in Neui
than 200 cells were counted Dea cells were cou
ium iodide staining as. descnbed prevmusly [10], :
was measured using Titer Bl e ass
"ysis was performed by Student’s t—test. To inhibit the proteasome,
cells were treated with carbobenzoxy-L—leucyl-L~leucyl-L—leuc1nal
(MG-132; Wako, Osaka, Japanyand mlcrotubule destabmzatxon was
performed using nocodazol xgma)
For immunofluorescence expenments, cells were ﬁxed w1th 4%
paraformaldehyde in PBS for 20 min and blocked with 0.2% BSAin

sxently trans-
X ressmn vector

TBST (Tris-Buffered Salme Tween-20) for1h. leed cells were incu-

,bated w1th antibodies agamst TOlllp (rabblt polyclonal Ref [21])
EEAll e m

“antibodies (1:2000) for 1 h.. After washes, cells we ' 1 !
antifade solution. Immunofluorésent staining ‘of Tolhp in HDISOQ
-cells was carried out as described [7]. Solubility of proteins was
-examined as follows: cells were scraped, homogenized and lysed
in PBS supplemented with protease inhibitor cocktail (Sigma) on
ice. Cell lysates were briefly sonicated, centrifuged for 10min at
15,000 x g at 4°C, and supernatants (soluble fraction) and pellet
(insoluble fraction) were analyzed by Western blotting {21].

To examine whether Tollip affects httPQ aggregation, we estab-
lished Tollip overexpression and knockdown system in vitro (Fig. 1A
and B). After overexpression of Tollip using GFP-Tollip construct,

“transfected Neuro2a cells showed essentially the same localization
pattern as endogenous Tollip in cytosol (Fig. 1A), while expression
levels of GFP/RFP-Tollip were significantly higher than endoge-
nous Tollip (Fig. 1B, left). Treatment of Neuro2a cells with Tollip
siRNA diminished endogenous Tollip protein after 48 h through
72h (Fig. 1B, right). Under the Tollip knockdown conditions, the
number of cells that contain htt (150Q and 60Q) aggregates was

.significantly reduced to approximately 50% (Fig. 1C and D). These
results indicate that Tollip stimulates polyQ aggregation in living
cells.

Since many polyQ binding proteins affects polyQ-dependent
cell death [18], we hypothesized that association of Tollip with
httPQ aggregates may affect polyQ toxicity. Overexpression of Tol-
lip significantly stimulated aggregation of GFP-htt60Q (Fig. 2A),and
suppressed cell death in the htt80Q and htt87Q lines (Fig. 2B). In

‘contrast, Tollip overexpression provided no significant difference
on the cell death of htt20Q expressing cells (Fig. 2B). Thus, Tollip
protects cells against the toxicity of expanded polyQ concomitant
with stimulating httPQ aggregation into aggresomes.

Previous reports indicated that Tollip contains the ubiquitin
binding CUE domain [15,20]. Ubiquitin binding motif$ are also
found in p62 and ubiquilin1, and these proteins function in the
ubiquitin-proteasome pathway [6,18]. To investigate whether Tol-

’ lip distribution is affected by proteasomal inhibition, Neuro2a cells
treated with the proteasome inhibitor MG-132 and localization of
Tollip was analyzed by immunofluorescence microscopy (Fig. 3A).
MG-132 treatment frequently induced formation of juxtanuclear

Tollip-containing inclusions surrounded by vimentin, of which spe-
cific structure is a marker of the aggresome. We next treated cells
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toxicity of htt"Q Néuro2a cells were transxently co-transfectecl with htt (20Q, 80Qor
87Q) and GFP-Tollip (or GFP as a control). Cells were differentiated in the presence
of 5 mM dbcAMP, Cell death was analyzed by propidium iodide staining (n=4). More
than 300 cells were counted for each experiment. *, p<0.01; **, p<0.001.

with the microtubule-destabilizing drug nocodazole, because for-
mation and maintenance of aggresomes are known to be dependent
on microtubule-dependent transport system. Treatment of cells
with nocodazole resulted in a more dispersed distribution of Tollip
in the cytoplasm in the presence of MG-132. These results indi-
cate that Tollip is concentrated in the aggresome and/or in the
region surrounding the aggresome. Centrifugal fractionation indi-
cated that Tollip was preésent in the insoluble fractions after MG132
treatment (Fig. 3B). Given the insoluble nature of the aggresome,
this suggests that Tollip is associated with this structure.

Tollip is known to play a role in endosomal protein trafficking;
therefore we performed immunostaining of Tollip with EEA1 (an
early endosome marker) or syntaxin-7 (a late endosome marker)
in cultured Neuro2a and HEK293 cells after treatment with MG-
132 (Fig. 4A). Tollip was rarely found in early endosomes but
partly distributed in late endosomes under normal conditions.
After MG132 treatment, however, Tollip was highly colocalized
with the late endosome marker syntaxin-7. Previous studies indi-
cated that Tollip is known to be accumuilated in httP2 inclusions
in the brain of HD model mouse (R6/1) {21]. We thus tested
whether Tollip associates with httP2 aggregates in the HD cellu-
lar model [7]. Expression of GFP-htt150Q was induced for 24h
in the presence of ponasterone A, and localization of Tollip was
analyzed by immunofluorescence staining. Strong Tollip staining
surrounding httPQ aggregates was observed (Fig. 4B, upper). We
also analyzed localization of syntaxin-7 in htt150Q expressing
cells and found that syntaxin-7 colocalizes with htt?Q aggregates
(Fig. 4B, lower). Thus, Tollip function may be associated with
recruitment of misfolded proteins to aggresomes via late endo-
somes, including the case of httPQ. Under MG132-induced stress.
conditions, overexpression of Tollip significantly protected cells
from the toxicity of the proteasome inhibitor (Fig. 4C, left). Fur-
thermore, knockdown of Tollip significantly decreased cell viability
of MG132-treated cells (Fig. 4C, right). These results indicate that
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Fig. 3. Proteasome inhibition causes accumulation of Tollip in the aggresome. (A) After treatment with 0.5 pM MG-132 for 24 h, cells were stained with antibodies against
Tollip and vimentin. Arrows indicate aggresomes surrounded by vimentin cage in Neuro2a cells. Alternatively, after treatment of Neuro2a cells with 10 M nocodazole and
0.5 .M MG-132 for 12 h, cells were analyzed by immunostaining. Tollip exhibited multiple, small and granular distribution in the cytoplasm after nocodazole treatment.
- Bar=20 p.m. (B) Western blot analysis of soluble (sup) and insoluble (ppt) fractions prepared from Neuro2a cells after treatment with MG-132 for 24 h or untreated as a

control. Blotted proteins were analyzed with indicated antibodies.

Tollip is required for maintaining cell viability against the toxicity
of misfolded proteins, probably by recruiting them to aggre-
somes.

The formation of intracellular ubiquitinated aggregates is a
hallmark of polyQ diseases including HD. Transcription factors,
molecular chaperones and ubiquitin-proteasome system proteins
are known to associate with the polyQ aggregates and implicated in
the pathogenesis of polyQ disease [18]. However, role of aggrega-
tion in the toxicity is controversial, because accumulating evidence
suggests that controlled aggregation into inclusion bodies has
cell protective roles against misfolded proteins including polyQ-
expanded proteins [16,17]. Tollip is involved in two major cascades
of cellular functions. Firstly, Tollip interacts with the TIR domain of
the IL-1R {4]. Since the TIR domain mediates the binding of the
serine/threonine kinase IRAK-1 to the activated receptor complex,
Tollip acts as a regulator of the signaling cascade. Secondly, Tollip

is known to interact with polyubiquitinated proteins through the
CUE domain and is involved in the ubiquitin-proteasome system.
In the case of IL-1R, the CUE domain and TIR interacting domain of
Tollip are required for endosome-mediated lysosomal degradation
of IL-1R [3]. In the present study, we analyzed the role of Tollip in
httPQ aggregation and cytotoxicity and found that Tollip associates
with the httPQ aggregates and protect cells against httPQ toxicity by
stimulating aggregation (Figs. 1 and 2). )
Tollip is a multifunctional protein that interacts with a num-
ber of ubiquitin-related proteins and sumolylated proteins, and
forms a complex with TOM1, polyubiquitin chains and clathrin
heavy chain [9]. As Tollip localizes in endosomes [3], Tollip can
function as a molecular link between endosomal processing and
ubiquitin—-proteasome system. In the present study, we demon-
strate that Tollip colocalizes with a late endosome marker in httPQ.
aggregates and the aggresome formed under proteasome inhibition
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Fig. 4. Colocalization of Tollip with a late endosomal maker in MG132-induced aggresomes and htt?® inclusions and Tollip-dependent cell protection against the toxicity
of proteasome inhibition. (A) HEK293 cells were co-stained with antibodies against EEA1 (early endosome marker) and Tollip (left), or GFP-Tollip transfected Neuro2a cells
were stained with antibody against syntaxin-7 (late endosome marker) (right). Arrows indicate the co-localization of Tollip with syntaxin-7. Bar= 15 jum. (B) A Neuro2a cell
line stably expressing GFP-htt150Qwas stained with anti-Tollip (upper) or anti-syntaxin-7 (lower) antibodies. Arrows indicate the co-localization of Tollip and syntaxin-7 in
htt aggregates. Bar=20 pm. (C) After the treatment with 5 wM MG-132 for 24 h, Neuro2a cells were transiently transfected with GFP-Tollip or GFP vector as a control (left),
Alternatively, cells were treated with Tollip siRNA or control siRNA as a control (right). Cells were then differentiated in the presence of 5mM dbcAMP, Cell viability was

" measured by Titer Blue assay (Promega) (n=3).**, p<0.001. The difference of control cell viability between left and right panels is considered to be due to the difference in
toxic effect between plasmid DNA transfection and small RNA transfection [11].

|

conditions (Figs. 3 and 4). These observations strongly suggest that Accumulating evidence indicates that ubiquitin binding pro-
Tollip mediates trafficking of ubiquitinated aberrant proteins to teins play crucial roles in degradation of polyQ proteins through
aggresomes via late endosomes or structures containing endosomal ubiquitin and autophagy systems. For example, the ubiquitin bind-
proteins. ing protein p62 co-localizes with many types of polyubiquitinated
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protein aggregates and recruit the autophagosomal protein LC3 {2].
The p62 protein recognizes polyubiquitin by the carboxyl-terminal
UBA domain and is polymerized through the amino-terminal
PB1 domain. Expression of p62 is strongly induced by exposure
to proteasomal inhibitors or overexpression of polyglutamine-
expanded proteins {18}, and this protein is required for autophagic
clearance of misfolded proteins [2,11,12]. Ubiquilin, another ubig-
uitin binding protein, protects cells against the toxicity of htt
exon-1 (74Q) through authophagy [19]. Formation of inclu-
sions/aggresomes is considered to reduce toxic misfolded species
like oligomers, and ubiquitin interacting proteins may stimulate
formation of aggresomes to accelerate clearance of the toxic species
by microtubule-dependent controlled aggregation and degradation
through the autophagy-lysosome pathway [11,14]. These obser-
vations suggest that Tollip protects cells perhaps by enhancing
controlled aggregation to the aggresome using the ubiquitin bind-
ing CUE domain and the ability to interact with multiple proteins
(e.g., clathrin and Tom1). Since Tollip is involved in protein trans-
port via-endosomes [9] and Tollip colocalized with an endosome
maker in aggresomes/inclusions in our experiments, Tollip may
accerelate aggregation of ubiquitinated proteins via endosomes,
although precise roles of Tollip in the aggregation of ubiquitinated
proteins and protection against misfolded proteins remain to be
investigated. In conclusion, our present data indicate that Tollip is
a cell protective ubiquitin binding protein that stimulates aggre-
some/inclusion formation in neuronal cells.

Acknowledgements

Wethank Dr. Nobuyuki Nukina (RIKEN Brain Institute) for kindly
providing htt expressing cell lines and helpful discussion. We also
thank Drs. Takashi Tsuboi (University of Tokyo) for providing help-
ful ideas, Kouta Kanno (University of Tokyo) for helping htt plasmid
preparation and Brent Bill (UCLA) for giving helpful advice. AQ was
supported by a fellowship from Japan Society for Promotion of Sci-
ence.

References

[1] The Huntington's Disease Collaborative Research Group, A novel gene con-
taining a trinucleotide repeat that is expanded and unstable on Huntington's
disease chromosomes, Cell 72 (1993) 971-983.

[2] G. Bjorkoy, T. Lamark, A. Brech, H. Outzen, M. Perander, A. Overvatn, H.
Stenmark, T. Johansen, p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on huntmgtm—mduced cell death, ). Cell
Biol. 171(2005) 603-614.

[3] B.Brissoni, L. Agostini, M. Kropf, F. Martinon, V. Swoboda, S. Lippens, H. Everett,
N. Aebi, S. Janssens, E. Meylan, M. Felberbaum-Corti, H. Hirling, J. Gruenberg, J.
Tschopp, K. Burns, Intracellular trafficking of interleukin-1 receptor I requires
Tollip, Curr. Biol. 16 (2006) 2265-2270.

239

[4] K. Burns, J. Clatworthy, L. Martin, F. Martinon, C. Plumpton, B. Maschera,
A. Lewis, K. Ray, J. Tschopp, F. Volpe, Tollip a new component of the
IL-1RI pathway, links IRAK to the IL-1 receptor, Nat. Cell Biol. 2 (2000)
346-351.

{5] H.Doi, K. Mitsui, M. Kurosawa, Y. Machida, Y. Kuroiwa, N. Nukina, Identification
of ubiquitin-interacting proteins in purified polyglutamine aggregates, FEBS
Lett. 571 (2004) 171-176. :

[6] R Heir, C. Ablasou, E. Dumontier, M., Elliott, C. Fagotto-Kaufmann, F.K. Bedford,
The UBL domain of PLIC-1 regulates aggresome formation, EMBO Rep. 7 (2006)
1252-1258.

[7] N.R Jana, N.Nukina, BAG-1 associates with the polyglutamme—expanded hunt-
ingtin aggregates, Neurosci. Lett. 378 (2005) 171-175.

[8] N.R.Jana, EA. Zemskov, G. Wang, N. Nukina, Altered proteasomal function due
tothe expression of polyglutamine-expanded truncated N-terminal huntingtin
induces apoptosis by caspase activation through mitochondrial cytochrome ¢
release, Hum. Mol. Genet. 10 (2001) 1049-1059.

[9] Y. Katoh, Y. Shiba, H. Mitsuhashi, Y. Yanagida, H. Takatsu, K. Nakayama, Tollip
and Tom1 form a complex and recruit ubiquitin-conjugated proteins onto early
endosomes, ). Biol. Chem. 279 (2004) 24435-24443,

[10] A. Kitamura, H. Kubota, C.G. Pack, G. Matsumoto, S. Hirayama, Y. Takahashi,
H. Kimura, M. Kinjo, R.I. Morimoto, K. Nagata, Cytosolic chaperonin prevents
polyglutamine toxicity with altering the aggregation state, Nat. Cell Biol. 8
(2006) 1163-1170.

[11] M. Komatsu, Y. Ichimura, Physiological significance of selective degradation of
p62 by autophagy, FEBS Lett. 584 (2010) 1374-1378.

[12] M. Komatsu, H. Kurokawa, S. Waguri, K. Taguchi, A. Kobayashi, Y. Ichimura,
Y.S. Sou, L Ueno, A. Sakamoto, K.I. Tong, M. Kim, Y. Nishito, S. lemura, T.
Natsume, T. Ueno, E. Kominami, H. Motohashi, K. Tanaka, M. Yamamoto,
The selective autophagy substrate p62 activates the stress responsive tran-
scription factor Nrf2 through inactivation of Keap1, Nat. Cell Biol. 12 (2010)
213-223.

[13] M. Komatsu, S. Waguri, M. Koike, Y.S. Sou, T. Ueno, T. Hara, N. Mizushima, J.
Iwata, J. Ezaki, S. Murata, J. Hamazaki, Y. Nishito, S. lemura, T. Natsume, T. Yana-
gawa, J. Uwayama, E. Warabi, H. Yoshida, T. Ishii, A. Kobayashi, M. Yamamoto,
Z.Yue, Y. Uchiyama, E. Kominami, K. Tanaka, Homeostatic levels of p62 control
cytoplasmic inclusion body formanon in autophagy-deficient mice, Cell 131
(2007) 1149-1163. :

[14] R.R. Kopito, Aggresomes, mclusmn bodies and protein aggregation, Trends Cell
Biol. 10 (2000) 524~530.

[15] Y.L Lo, A.G.Beckhouse, S.L. Boulus, C.A. Wells, Diversification of TOLLIP isoforms
in mouse and man, Mamm. Genome 20 (2009) 305-314.

[16] R.Luthi-Carter, D-M. Taylor, ]. Pallos, E. Lambert, A. Amore, A. Parker, H. Moffitt,
D.L. Smith, H. Runne, O. Gokce, A. Kuhn, Z. Xiang, M.M. Maxwell, S.A. Reeves,
G.P. Bates, C. Neri, L.M. Thompson, J.L. Marsh, A.G. Kazantsev, SIRT2 inhibition
achieves neuroprotection by decreasing sterol biosynthesis, Proc. Natl. Acad.
Sci. U.S.A. 107 (2010) 7927-7932.

[17] RI Morimoto, Proteotoxic stress and inducible chaperone networks in neu-*
rodegenerative disease and aging, Genes Dev. 22 (2008) 1427-1438.

{18] U. Nagaoka, K. Kim, N.R. Jana, H. Doi, M. Maruyama, K. Mitsui, F. Oyama, N.
Nukina, Increased expression of p62 in expanded polyglutamine-expressing
cells and its association with polyglutamine inclusions, J. Neurochem. 91 (2004)
57-68.

[19] C. Rothenberg, D. Srinivasan, L. Mah, S. Kaushik, C.M. Peterhoff, J. Ugolino, S.
Fang, AM. Cuervo, R.A. Nixon, M.J. Monteiro, Ubiquilin functions in autophagy
and is degraded by chaperone-mediated autophagy, Hum. Mol. Genet. 19
(2010) 3219-3232.

[20] 5.C. Shih, G. Prag, S.A. Francis, M.A. Sutanto, J.H. Hurley, L. Hicke, A ubiquitin-"
binding motif required for intramolecular monoubiquitylation, the CUE
domain, EMBO ). 22 (2003) 1273-1281.

[21] M. Tanaka, Y. Machida, S. Niu, T. lkeda, N.R. Jana, H. Doi, M. Kurosawa, M.
Nekooki, N. Nukina, Trehalose alleviates polyglutamine-mediated pathology
in a mouse model of Huntington disease, Nat. Med. 10 (2004) 148-154.



RNAE.%(-.J:%?%E

RNA# ’é”?&EED"@ |*HEC 3 HAE

Myotonic dystrophy and RNA-binding proteins

'I‘i s “Z ' .

BEEHEy AHE—

Michinori Koesisu and Shoichi IsHiura

RRAFAZERR SRR ENRENESR

Dicev, | mrasmtET FOT—(DM1), BROZ TSV, BERHE, mMRANASE
%DW DFEIEREIE EDBREN, TDCUG Y YE— b OEFDRERY
HBEEY 2 b a7 4 — (myotonic dyst'rophy YHEPEDHTE

- type 1: DM1) CEHEMBRBASNS CTG Y E¥—
'} i3, DMPK #EF 0 3FEEIRES (3UTR) K&
ET 2T, 207%%H CTG Y E— +OfBREA
Bo7I)BEINCREEREL 2w, MEL
VY- bRZOAEAD~TusueI ViEEL
X7 59, DMPK BEFOEEEYDOZN
W EEELZY LT, DMPK BEFRZ0OT
Vilcd 3 SIX5 EETFOHFREEZIHTE LEX
SNTW3BY, ) v 7 7Y ke A0S

o DEBEFORREDET B—FDERZ 5]
CEBEITILNRREINTEY, MRYE-IIC
X AEEFHREOMENZ, DM1 OREBEOEE
ZEMEE 2> TR0 —h7T, %L OFF%EH
EL% CTG Y E¥— F 23 RNA LRV THEHER
BOIELERBRL TS, LEXW, CUG Y E-
P RNA ZHEET B LI VAV =y 79T R
(HSAR®) 1%, I b =7 RBRHOEBEN R
B, BRARXTI54 VY ITORER Y, DML &
B 5 NBEREFEERT 5, In situ hybridiza-
tion ¢ DM1 BEMIEDO Y ¥ — + RNA 2HHT
%2E CUG Y E— M MZNTEREGRELTVRT S Z

5 2ONDEHE7 7S

& 512 2001 4FiT i3, DM & RE%R 2 BETE
KYE—FOMHES LD DM OFERNH Do
79 ZOFRRTI, B 3BREMAD INFI EE
FOLIY Y 1IZEETS CCTG ) B — A3k
BL T3, INFIBETTZORTICERTE
% b ONEETIE, DMPKEETR SIX5 METF L
DS REEIIRL, 20b 5% DM ORE
BHRE LY E— 1+ RNA ZnB&d DM OFREE
FRICR2 T ERBCRRLTWS,

fE L7 CUG Y E— 1} RNA i3, RNA 4%
HEOXHZ2 B2 I L TEE2RET 2 L
Zz5NTW3Y, $ibb, RNABAEREDL
DM1 DREEBOFLNREZEHoTwE LY
WwWZX3, CUGYY—T RNAKEAT2EREL

LT, mucleblind-like(MBNL) & CUG-BP-ETR-
 3-like factors (CELF) & X113 RNA AEHYE

77 ) —HRHEN, DML OEROFBRIC

Y —DSEELBERES
am,yﬁwﬁ%fm§n<m6M1LDMrﬁ
BELRDIRATIALVITDELN, ThonE
HEIC &> THEIZNS 5.

ES0O5HH Vol 238 No. 5 2011.7.30 | 481



CTGU E—- tOBE

A 4

CUGY E— FRNA

I

2y !
PKCiE AL MBNL1/MBNL2DREE
,

v v
CELF1mBaH U > a1t MBNL3DEMAL
CELF1ZEARHBEENEM

v‘ v ? i VL v A 4
BEROBE mRNASEE « 7 F =ik B TSIV TRE
MEF2A MYOD1 CLCN{ — 3XF b7
p21 MYOG INSR — &1 X)) ME?

CINT — MERESE?
MEF2D — FHERE?

1 DMORIERIBET N

Af&Ti3 MBNL, CELF 7 7 3V —»z2hZh
EFD X3z DMl.@%ﬁb:E@%LT»:%i)sc:ow
T, BEDHEREE L THRM LV,

& CELF1(xU VEEIC &Ko TRIREHHEM
ER) |

CELF 7 7 S Y —I¥ CELF1/CUG-BP(CUG-
‘binding protein) & CELF2/ETR-3(embryonic
lethal abnormal vision type RNA-binding protein 3)
NDHEER D675 RNA BEEHE 773U
THbh, £+ TR 6 DDk E U S(CELFI~
CELF6) BREZI N T\ 3,

CELF1 i3 CUG-BP LI BI&MBRTERDY,
CUG VE—hItHATIEREL L (RRIN
7219 HeLa MRAED#HY D 72212 (CUG) g7 1 —
TIHEET2EQEPRHEN, CUG-BP L&D
FonnoTHs, LHLZOBROHFET,
CELF1 ¥»7% 53 L% CUG Y E¥— hMRENIZ
BETZ2DOTIRRCI LBHS IR S TE,
2, YHEEOBER 3 NS 7Yy FiEx A
WX, CELF1IZ CUG Y E—LFr XD by

482 | E2MD3&kpFH Vol 238 No. 5 2011.7.30

L% UG Y E— MOBRIVIHEET 5 2 LRI
nTwz® 23 LEEsbob00, CELF1
X DM1 OWREBEO LM TEELRRT L LTE
HENHEITw2, Z20BHOV EDIE, DML B
F DR T CELF1 BEREORBEMN LR L T
WB I EMBEINDS ZETH 522 Kuyumcu-
Martinez & %, DM1 O#iig < CELF1 ZERE»5&
Fizy VEMLE NSRBI o TR,
HEMNERLTCVWARILR2RLED, i, 58
fREI. CUG Y E— M 2FH I3 L PKC %Y

VEbiIC & D¥E#EAL L, PKC BHERIIX CELFL V

VEMLERRE L, UL, YE—F RNADSED
X 512 PKC 27EHEALT 200, Z DERIZOVT
BESPITR 2Ty,

CELF1 #%H&EN2 b9 VL DOHEH N,
CELF1 OBFIHFFRIZ L 5T DML THALNZRYE
DV OPDBEHREINE I L THS, L2,
<9 AIZ CELF1 2BRIRRT 5 & POEPHE
teir COBBEDLBEEELZRET A L0,
CELF1 OHBRED FRERERGRPLHOHEE
S LTWwR S Lne)



CELF10iEH4E&DM 1 DRIE

CELF1 DRREDO LEMNHEER2 26T
FRAAZALITDWTIE, BAELRZ LZbroT
Wizv, DL D0DOTEER, SBEBOTER - #i¥
Wb BRARATSAV VY TORETH S
B3, ¥%E, CELF1 2NBIRNA T 54 v 7 ofilf
72, 8 £ F % RNA RE-CEIRO&HIEIC
QST 2 LHESPIT > TE,

CELF1 I% mRNA O 7 7=k & 2 % Hif
3 %Y X4 ) EDEN-BP EEFHnAryus
©% b, EDEN-BP FiEic mRNA Fdrz &l L <
V33 5 L\, Moraes 5 1%, CELF1 23554 E v
mRNA KiEAL, B7 F= te@gEssz s
RU77® ¥7 Viasova 513, CELF1 28 c—jun ¥
junB 7% ¥ OF MO mRNA 12#& L mRNA
DHBEINFT 2 EHREL T3, 51T Lee
51X, RNA #EkKE L DNA =L 707LA %
A& H 7 11k (RNA-Chip ¥)T CELF1 K &

% mRNA D& —% v b ZEEERL, Myodl ¥

Myog % ¥ D RIS EF ¢ CELF1
y—2y MEETHBZ LRAELREYD,

—75C, CELF1 3EEROFI#EICbEE T3 2 L
DEREZ N T 5, Timchenko 5 1%, CELF1 238
FRBETZIS VAT 2oy 299 ADEREG
T p21 & Mef2A OFEBEEBBEMLTWE I LR
BH L7, CELFl i £5 50BEFD mRNA

KHEEREL, BaRENCER2RET 3.
p21 & MEF2A 13X 6 bz idE s 2 1EH
ELOLEISNTERY, ThoDREEDLER
i DM1 OBRHFTHHEENB I L2 5, DML
DRIEBELZEZDICH>TLE D OITHEHEKR
v,

& MBNL77=U—[3CUGUE— D

HEREES D |
—J5, MBNL 77 3 Y —iE¥avy¥avynxzd
muscleblind BEFOAINALYBVISTHY, mus

cleblind-like 2> 5 Z D&MDV, BEIS5E

KE 2 X TEL REINBEFTHY, I+
2T AT 3 2DT7 A Y 74— 5(MBNLL
MBNL2, MBNL3)2’EE Z N CT\w3, MBNL &
CELF :FiRIZ, CUG VYV ¥— AT AERE

LLTADoTERY, CELFL L&A D,
MBNLL /& CUG Y E—F B KT CCUG Y ¥—
EEVLEMEE b B, BERECC LI, DML ©
BRATIE® CUG Y ¥ — F 2 REI 5550
fa% MBNL #fidTH&ET 3 &, MBNLL Bt
MBNL2 #3 CUG Y ¥ — + 2R T 3 &R &
BET2ENBEEINZ®, oz Ltdb,
DM1 BEZ0MlBNTIX MBNL 773V —ERE
BCUGYVE= P+ 7N, XEOEEFL
BAETERL BT LTHREBEEZNRTVWED
TRRVPEEZONSE LXK koT:,

MBNL D#£84FHESS DM1 DR B ICEEET 2 &
V3 REIE, Mbull D) v 2 7 b ADIEE
KEoTHELELONE &2k, Mbnll
B RIBT B Mol B0 ) 213, BERF v 2
Clenl DEIRARA T 54 SV IIDRER, 4
=7, RO, ARE RAEELRY,
DMl BEDBETI2EEZERT20TH S, &
IZ DM1 BETALNABRNRATI4 LV /R
BIZR LT, MBNL1 OAEEE T O EE L@ %
HoTWBS L, Du 5Ii3EE, DNAwA4 7w
7 LA ZEWT HSARRS Y R L Mbnl] SB40B3< v
ADRT IV IRy — R ERNICERL,

D2 RBEDRIARTTRATSIA LV SRE

P 83%—FT B EVIBERBETHLY,
Kanadia 1%, CUG Y ¥— F 2&KET 2 HSAR<
¥ 212 Mbnll 2 BEHKBET 2 2 L THEDER
WATSA vy TRENHET B ZE2BHELHIC
L% 2o ORERIE, T4 E b HSAR=
2 DBIRKA TS 4 Vv FREDDR Y DES
3%, Mbnll DHEBME T 751 CHETE 3 2 L%

LT3,

— 5T, Mbull BB 2 v 2 3RO EES 13
EAERIR, ZOVEDODOHEBIE, Mbnl2 23
Mbnll DREZFHEL TR I3 260 Ltk o,
ERE, M2 D/ 9 777 b RALBRERA T
74 v 7 DRECHBEHEOP LKL E, DML @
BUABERET2 LREINTB Y, DML B
% HSA®R< ¥ 2Tit MBNL1 & MBNL2 A3 %
WCUGVE—TDBEFRIIT 7y TE3ns t
T, KV EELRRREPIREN TV 3 WREERH 5.

MBNL3 2B L Tk siE, BEDOERE L L

EZ0HH Vol 238 No. 5 2011.7.30 | 483



THEBREMEML TV 2 EBRREI AR,
MBNLS3 i, BEMiEIz CUG YV ¥ — + 2RKE X
THREEO ERE2RT. ¥5iz, MBNL3 2%
VABFEMBTH D C2C12 THKHRHE¥ B L
Mef2D DFBRWA TS5 4> v FOFEEZ A LT
B LGS 5 2 L b RE N, DML BEic R
\7 5 MBNL3 DHBRE LR O X = X L DFRA
DEEDEHIISHOBETH 525, MBNLL ®
MBNL2 & ix827% 28T DML FEEE ICEHS
T 2 AREHEDSTR S 7 O X ERE >,

RNABSERED/INS VY ADEREEDMI
CELF ZHE * MBNL EH'E!%, Clenl 0
truR=y TEEF A VAR VEAEEET R
EVL ODDBRR T 54> v FEICE T
HEFICERT B T L dthdo TV 320
72, 2V ADDETIIHAIC CELF1 0XEHE
PET T %5—7, MBNL1 OXHREHEMT 2 =
EPH, ZN6 D RNABEEHEDERED NS
VAVHDRBRRIKET B LI ETNVHREBS
NTw3YW, Lal, EESRINGIKKT3H
LEBLTEDL2Y, 2% o3 L bBRINEL
wEIFEwiInzv, DML 28T, CELF &
MBNL D35 v 2 QBN HREEE O REE 2
LTwa, ZHETATERIIIL LI
CELF1 TiZ ¥ F&F 7% RNA HlH#EER2 N LT
DM1 DFEREREZE SR L TW 2 WEEEN S 1,
DM1 DEIREERBED & I BB TEL 3D
», BRI oL BEANHZINS,

3k

1) Brook, J. D. et al. : Cell, 68 : 799-808, 1992.

2) Aslanidis, C. et al. : Nature, 355 : 548-551, 1992.

3) Buxton, J. et al. : Nature, 355 * 547-548, 1992.

4) Harley, H. G. et al. : Nature, 355 : 545-546, 1992.

5) Steinbach, P. et al. : Am. J. Hum. Genet., 62 : 278~
285, 1998. :

6) Otten, A.D. and Tapscott, S.]. : Proc. Natl. Acad.
Sci. USA, 92 : 5465-5469, 1995.

7) Davi&; B. M. et al. : Proc. Natl. Acad. Sci. USA, 94 :
7388-7393, 1997.

8) Thornton, C.A. et al. : Nat. Genet., 16 : 407-409,
1997.

484 | ERDHH Vol. 238 No. 5 2011.7.30

9) Boucher, C.A. et al. : Hum. Mol. Genet., 4 : 1919-
1925, 1995.

10) Reddy, S. et al. : Nat. Genet., 13 : 325-335, 1996.

11) Sarkar, P S. et al. : Nat. Genet., 25 : 110~114, 2000..

12) Klesert, TR. et al : Nat. Genet, 25: 105-109,
2000.

13) Mankodi, A. et al. : Science, 289 : 1769-1773, 2000.

14) Du, H. et al. : Nat. Struct. Mol. Biol., 17 : 187-193,
2010.

15) Taneja, K.L. et al.% J. Cell Biol., 128 995-1002,
1995. ’

16) Liquori, C. L. et al. : Science, 293 : 864-867, 2001.

17) Ranum, L.P. and Cooper, T A. : Annu. Rev.
Neurosci., 29 : 259~277, 2006.

18) Timchenko, L.T. et al. : Nucleic Acids Res., 24 :
4407-4414, 1996. »

19) Takahashi, N. et al.: Biochem. Biophys. Res.
Commun., 277 : 518-523, 2000.

20) Savkur, R.S. et al. : Nat. Genet., 29 : 40-47, 2001.

21) Timchenko, N. A. et al. : Mol.. Cell. Biol., 21 : 6927~
6238, 2001.

22) Ladd, A.N. et al: J. Biol. Chem., 279 : 17756~
17764, 2004, .

23) Kuyumcu-Martinez, N. M. et al. : Mol. Cell, 28 :
68-78, 2007. »

-24) Timchenko, N.A. et al.:J. Biol Chem., 279:

13129-13139, 2004.

25) Ho, TH. et al :Hum. Mol Genet, 14:1539-
1547, 2005.

26) Koshelev, M. et al. : Hum. Mol. Genet., 19 : 1066-
1075, 2010.

27) Ward, A.]. et al.: Hum. Mol. Genet., 19: 3614-
3622, 2010. '

28) Moraes, K. C. et al. : RNA, 12 : 1084-1091, 2006.

29) Vlasova, L A. et al. : Mol. Cell, 29 : 263-270, 2008,

30) Lee, J.E. etal. : PLoS One, 5 : 11201, 2010.

31) Miller, J. W, et al. : EMBO]J,19: 4439"4448, 2000.

32) Kino, Y. et al : Hum. Mol. Genet., 13 : 495-507,

. 2004. ’

33) Fatdaei, M. et al. : Nucleic Acids Res., 29 : 2766-
2771, 2001. o

34) Kanadia, R.N. et al : Science, 302 : 1978-1980,
.2003. :

35) Kanadia, R.N. et al.  Proc. Natl. Acad. Sci. USA,
103 : 11748-11753, 2006. ‘

36) Hao, M. et al. : Dev. Dyn., 237 : 403-410, 2008.

37) Lee, K.S. et al.:J. Biol. Chem., 285: 33779-
33787, 2010. .

38) Kino, Y. et al. : Nucleic Acids Res., 37 : 6477-6490,
2009.

39) Philips, A. V. et al. : Science, 280 : 737-741, 1998.

_40) Ho, T.H. etal. : EMBO ., 23 : 3103-3112, 2004.

41) Kalsotra, A. et al. : Proc. Nafl. Acad. Sci. USA,
105 : 20333-20338, 2008.

42) Koebis, M. et al. : Genes Cells, 2011. (in press)

43) Ohsawa, M. et al. : Biochem. Bzophys Res. Commum.,

409 : 64-69, 2011.



}ourna] of
Neurosqence‘z‘
Research =

Journal of Neuroscience Research 90:870-877 (2012)

Localization of Mature Neprilysin in Lipid

Rafts

Kimihiko Sato, Chiaki Tanabe,? YO_]I Yonemura, Haruhiko Watahlkl !
Yimeng Zhao,' Sosuke Yaglshlta, Maiko Ebina,' Satoshi Suo,' Eugene Futai,’

Masayuki Murata, and Shoichi Ishiura'*

"Department of Life Sciences, Graduate School of Arts and Sciences The University of Tokyo, Tokyo,

Japan

“Department of Neuroscience, School of Pharmacy, Iwate Mechcal University, Morioka, Japan

Alzheimer’s disease (AD) is characterized by senile pla-
ques caused by amyloid-B peptide (AB) accumulation.
It has been reported that AR generation and accumula-
tion occur in membrane microdomains, called lipid
rafts, which are enriched in cholesterol and glycosphin-
golipids. Moreover, the ablation of cholesterol metabo-
lism has been implicated in AD. Neprilysin (NEP), a
neutral endopeptidase, is one of the major Ap-degrad-
ing enzymes in the brain. Activation of NEP is a possi-
ble therapeutic target. However, it remains unknown
whether the activity of NEP is regulated by its associa-
tion with lipid rafts. Here we show that only the mature
form of NEP, which has been glycosylated in the Golgi,
exists in lipid rafts, where it is directly associated with
phosphatidylserine. Moreover, the localization of NEP in
lipid rafts is enhanced by its dimerization, as shown
using the NEP E403C homodimerization mutant. How-
ever, the protease activities of the mature form of NEP,
_ as assessed by in vitro peptide hydrolysis, did not differ
between lipid rafts and nonlipid rafts. We conclude that
cholesterol and other lipids regulate the localization of

mature NEP to lipid rafts, where the substrate A accu-

mulates but does not modulate the protease activity of
NEP. © 2011 Wiley Periodicals, Inc.

Key words: Alzheimer's disease; neprilysin; lipid rafts

Alzheimer’s disease (AD) is characterized by the
formation of senile plaques, composed primarily of amy-
loid-P peptide (AR). AP deposition has been thought to
cause neurofibrillary tangles, neuronal cell loss, vascular
damage, and dementia (the amyloid hypothesis; Hardy
and Higgins, 1992). It has recently been suggested that
AD begins with hippocampal synaptic dysfunction
caused by diffusible oligomeric assemblies of AR (Selkoe,
2002).

AR is produced from amyloid precursor protein
(APP) by the action of B- and <y-secretases, although
APP is usually cleaved within the A sequence by a-
secretase. AP is degraded by neprilysin (NEP; Iwata
et al., 2001). NEP is a type II membrane metallopepti-
dase that is capable of degrading not only monomeric
AR but also pathological oligomeric AR (Kanemitsu

© 2011 Wiley Periodicals, Inc.

et al., 2003). It has been reported that NEP levels in the
hippocampus and cortex decliné with age (Iwata et al.,
2002; Hellstrom-Lindahl et al., 2008). Thus, analysis of
the mechanisms regulating NEP activity may provide
valuable insights for new therapeutic targets.

Recently, there have been several reports on the
activities of proteases being regulated by their localiza-
tion to membrane microdomains, known as lipid rafts.
Lipid rafts, which are enriched in cholesterol and glyco-
sphingolipids, have been implicated in processes such as
signal transduction, endocytosis, and cholesterol traffick-
ing (Pike, 2004, 2006). Whereas o-secretase cleavage
occurs in nonlipid rafts (Kojro et al, 2001; von
Tresckow et al., 2004), AR generation occurs in lipid
rafts (Wada et al 2003). It has been reported that AB
accumulation is initiated by its association with GM1 in
lipid rafts (Matsuzaki et al.,, 2007) and that NEP is par-
tially localized in lipid rafts (Ange]isova et al., 1999; Rie-
mann et al,, 2001; Kawarabayashi et al., 2004). How-
ever, whether the activity of NEP is regulated by its
localization in lipid rafts is unknown.

Here we show that localization of glycosylated
mature NEP in lipid rafts is regulated by its association
with cholesterol. Moreover, we show with the NEP
E403C homodimerization mutant that this localization is
enhanced by its dimerization. Furthermore, we investi-
gated the protease activities of mature NEP by an in
vitro peptide assay. Unexpectedly, they were comparable
in lipid rafts and nonlipid rafts. These findings suggest
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that cholesterol regulates the localization of mature NEP
in lipid rafts, where the substrate AP accumulates but
apparently does not modulate the protease activity of

MATERIALS AND METHODS
Vectors and Constructs

Human neprilysin, NEP WT, was inserted into the
pcDNA3.1-3 X FLAG vector (Invitrogen, Carlsbad, CA),
thereby fusing triplet tandem repeats of FLAG tag to its N-
terminus. The expression product of this construct will be
referred to as FLAG-NEP WT. NEP E584V, carrying a cata-
lytically inactive mutant E584V, and NEP E403C, carrying a
homodimerization mutant, were subcloned into the
pcDNA3.1-3 X FLAG vector, yielding FLAG-NEP E584V
and FLAG-NEP E403C, respectively.

Antibodies

The following antibodies were purchased: anti-FLAG
M2 (Sigma, St. Louis, MO); antiflotillin~-1 and anticalnexin
(BD Transduction Laboratories, Lexington, KY); anti-mono-
clonal NEP (Leica Microsystems); - and HRP-conjugated anti-
mouse IgG (Cell Signaling Technology, Beverly, MA).

Cell Culture and Transfection

HEK293 cells were cultured in DMEM (Sigma) supple-
mented with 10% fetal bovine serum (Sigma). They were
maintained at 37°C in an atmosphere containing 5% CO; in a
tissue culture incubator. DNA transfection was performed by
lipofection with FuGENE 6 Transfection Reagent (Roche,
Indianapolis, IN) when cells were 50% confluent. Then, 24 hr
later, cells were harvested or used in assays.

Isolation of the Membrane Fraction

Cells were dissolved in TBS (0.1 M Tris-HCI, pH 8.0,
150 mM NaCl) containing Complete, EDTA-free protease
inhibitor (Rooche) and 0.7 pg/ml pepstatin A (Sigma) and dis-
rupted by passage 20 times through a 21-G needle. The cell
sample was then centrifuged (2,000 rpm, 2 min, 4°C). The
resulting supernatant was then centrifuged again (49,000 rpm,
30 min, 4°C; Optima MAX-E ultracentrifuge; Beckman
Coulter). The pellet formed was dissolved in TBS containing
Complete, EDTA-free protease inhibitors, 0.7 pig/ml pepstatin
A, and 1% Triton X-100; incubated on ice for 1 hr; and
ultracentrifuged again. The resulting supernatant will be
referred to as the membrane fraction.

Enzymatic Deglycosylation

The membrane fraction was solubilized with 1% Triton
X-100 and then deglycosylated through treatment with the
following: 1) endoglycosidase H (endo H; BioLabs), according
to the manufacturer’s instructions, and 2) 1 U N-glycosidase F
(Endo F; Roche) per 45 pg of protein. The membrane frac-
tion was denatured by boiling for 3 min in 1% SDS and 2-
mercaptoethanol (ME), suspended in a reaction buffer (50
- mM EDTA, 1% 2-ME, 0.5% Triton X-100, 0.1% SDS, 1 U
N-glycosidase F) containing Complete, EDTA~free protease
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_ inhibitors and 0.7 pg/ml pepstatin A and incubated at 37°C

overnight.

Isolation of Lipid Rafts by Sucrose Density Gradient
Centrifugation

Cells were lysed on ice in MBS buffer (25 mM MES,
pH 6.5, 150 mM NaCl) containing 1% Triton X-100, Com-
plete, EDTA-free protease inhibitors, and 0.7 pg/ml pepstatin
A. Cell disruption was achieved by passing the lysate 10 times
through a 21-G needle and then 20 times through a 27-G
needle. The lysate was incubated at 4°C for 30 min, and an
equal amount of 80% sucrose was then added to it. The sam-
ple and sucrose buffer, containing 5-40% sucrose, were
sequentially loaded to the bottom of a tube and then centri-
fuged (36,000 rpm, 18 hr, 4°C; CP 70 WX ultracentrifuge;
Hitachi). Fractions were collected from the top to the bottom.

Equal volumes of these samples were analyzed by Western
blotting,

Methyl-B-Cyclodextrin Treatment
HEK293 cells overexpressing FLAG NEP-WT were

‘washed with PBS, treated with 10 mM methyl-B-cyclodextrin

(MBCD; Trappsol) for 20 min in a CO, incubator at 37°C,
and collected. Lipid rafts fractions were treated with 50 mM
MPBCD on ice for 1 hr, dissolved in a double volume of TBS
containing Complete, EDTA-free protease inhibitors and 0.7
pg/ml pepstatin A, and centrifuged (49,000 rpm, 1 ht, 4°C).
The supernatants were removed and the pellets dissolved in
TBS.

Western Blotting

Equal amounts of protein samples were separated by
SDS-PAGE or Blue Native-PAGE and transferred to Immo-
bilon-P PVDF membranes (Millipore, Billerica, MA). In the
case of Blue Native-PAGE, the membranes were washed and
destained using methanol. The membranes were soaked in
PBS containing 5% nonfat dried milk and 0.05% Tween for 1
hr and then incubated overnight at 4°C with primary antibod-
ies diluted in PBS containing 0.05% Tween, 0.1% BSA, and 1
mM NaNj. After washing, the membranes were incubated
with HRP-conjugated secondary antibody for 1 hr. Antigen—
antibody complexes were detected by enhanced chemilumi-
nescence using a LAS-3000 Luminescent Image Analyzer
(Fujifilm). Signals were quantified in MultiGauge software
(version 2.3; Fujifilm).

Assay of NEP-Dependent Neutral Endopeptidase Activ-
ity

NEP activity was measured in vitro by incubation at
37°C for 1 hr in 100 mM MES (pH 6.8) containing Com-
plete, EDTA-free protease inhibitors, 10 pM Z-Leu-Leu-Leu-
H, and as a substrate 30 pM Z-Ala-Ala-Leu-p-nitroanilide
(ZALL-p-NA; Peptide Institute), in the presence or absence
of 10 uM thiorphan, 2 specific inhibitor of NEP,

Interaction of NEP With Various Lipids

Lipid;spotted membrane (P-6002; Echelon Biosciences)
was treated with TBS containing 1% skim milk and gently
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Fig. 1. NEP localization and activity in lipid rafts. A: Western blot
analysis of lipid rafts fractionated from HEK293 cells overexpressing
FLAG-NEP WT by a sucrose density-gradient centrifugation
method. An anti-FLAG antibody was used to detect NEP. Lipid rafts
were detected using an antibody raised against the raft marker floti-
lin-1. Nonlipid rafts (fraction 5) were detected using an antibody
raised against the nonraft marker calnexin. B: Deglycosylation of the
membrane fraction prepared from HEK293 cells overexpressing
FLAG-NEP WT. The membrane fraction was treated with endogly-
cosidase H (endo H) and cndoglycosidasc F (cndo F) or left

agitated for 1 hr at room temperature. SH-SY5Y neuronal
cells were fractionated by sucrose density gradient centrifuga-
tion as shown previously, and each fraction was added to an
equal volume of TBS containing protease inhibitor cocktail.
After centrifugation at 49,000 rpm for 1 hr, the precipitate
was dissolved in TBS containing protease inhibitor cocktail
and incubated with the P-6002 membrane for 1 hr at room
temperature. After incubation, the membrane was washed
with TBS containing 0.1% Tween three times and incubated
with anti-NEP monoclonal antibody diluted 1:2,000 for 1 hr
at room temperature. The bound NEP was detected with an
ECL advance kit (GE Healthcare, Amersham, United Kingdom).

RESULTS

Localization and Peptidase Activity of NEP in
Lipid Rafts

To evaluate the peptidase activity of NEP in lipid
rafts, we fractionated lipid rafts by sucrose density gradi-
ent centrifugation. We analyzed the localization of
membrane-bound NEP extracted from HEK293 cells
overexpressing FLAG-NEP WT. A raft marker, flotillin-
1, was detected in fraction 2 and a nonraft marker, cal-
nexin, in fractions 5 and 6 (Fig. 1A). FLAG-NEP was
detected as a-single band in fraction 2 and doublet bands
in fractions 5 and 6. To distinguish these doublet bands,

endoH endoF

(kDa)
115 -

82

54

NEP activity
(nmolimg prot.Jmin)
c3888883

NEP NEP
WT E584V

nonTF mock -

untreated as a control (-), and then analyzed by Western blotting

~with an anti-FLAG antibody. C: Comparison of the specific enzy-

matic activity of the mature form NEP in lipid rafts (fraction 2) and
nonlipid rafts (fraction 5), as asscsscd by p-NNA peptide assay. Values
represent the mean £ SD of three experiments. D: Neprilysin-
depenident ncutral’ endopeptidase  activity in membrane fractions
prepared from nontransfected HEK293 cells (non-TF) and cells trans-
fected with vector {mock), FLAG-NEP WT (NEP WT) or the cata-
Iytically inactive mutant FLAG-NEP E584V. Values represent the
mean * SID of threc experiments.

we deglycosylated the membrane fraction by treating it
with endoglycosidase H (endo H) and endoglycosidase F
(endo F; Fig. 1B). Although the upper band, the mature
form, was resistant to endo H treatment, the lower band
was deglycosylated by endo H. We will refer to the lat-
ter as the immature form of NEP. Resistance to endo H is

‘acquired on transport of the protein to the Golgi appara-

tus, and this glycosylation is important for the catalytic
activity of NEP (Lafrance et al.,, 1994). We compared
the specific enzymatic activity of the mature form of
NEP in lipid rafts (fraction 2) and nonlipid rafts (fraction
5); the contents of mature NEP were equalized by den-
sitometric measurement of mature NEP levels after im-
munoblotting with an antd-FLAG antibody. The NEP
activities of fractions 2 and 5, as assessed by p-INA pep-
tide assay, were comparable (Fig. 1C). In this assay, cata-
lytically inactive NEP E584V was used as a negative
control (Fig. 1D).

Localization of NEP in Lipid Rafts Is Dependent
on Cholesterol

Only mature NEP was detected in lipid rafts (Fig.
1A). We thus hypothesized that cholesterol in lipid rafts
regulated the localization of mature NEP. To test this,
we depleted HEK293 cells overexpressing FLAG-NEP

Journal of Neuroscience Research
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Fig. 2. Dclocalization of NEP from lipid rafts in cells treated with MBCD. HEK293 cells overex-
pressing FLAG-NEP WT were treated with methyl-B-cyclodextrin (MBCD; +) or left untreated
(), and lipid rafts were fractionated as described in Materials and Methods.
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Fig. 3. Delocalization of NEP from fractionated lipid rafts after
MPBCD trcatment. The lipid raft fraction, isolated from HEK293 cclls
overexpressing FLAG-NEP WT, was treated with (+) MBCD or left
untrcated (-) and scparated into a supernatant (Sup) and a pellet (Ppt)
by ultracentrifugation. The distribution of NEP was determined by
Westcrn blotting with an anti-FLAG antibody.

WT of cholesterol by treating them with 10 mM
methyl-B-cyclodextrin (MBCD) for 20 min, and then
fractionated the lipid rafts. More than 50% of cholesterol
can be depleted from HEK293 cells by this treatment
(Kojro et al., 2001). NEP became delocalized from lipid
rafts following MBCD treatment, although flotillin-1
remained associated with them (Fig. 2).

We confirmed that the in vitro depletion of cho-
lesterol from the lipid rafts fraction caused the delocaliza-
tion of NEP from lipid rafts. We treated the fractionated
lipid rafts with 50 mM MBCD for 1 hr at 4°C and sepa-
rated them into supernatants and pellets by ultracentrifu-
gation (Fig. 3). NEP and flotillin-1, associated with lipid
rafts, were detected, as expected, in the pellets formed
from lipid rafts not treated with MBCD. However,
some of the NEP associated with lipid rafts was detected
in supematants prepared from lipid rafts treated with
MBCD treatment. Flotillin-1 remained exclusively in
the pellets, suggesting that flotillin-1 was not associated
with choresterol.
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Localization of NEP in Lipid Rafts Is Enhanced by
Its Dimerization

To understand better the mechanism of NEP local-
ization in lipid rafts, we investigated whether NEP dime-
rization facilitated the assembly of the enzyme in lipid
rafts. We lysed HEK293 cells overexpressing FLAG-NEP
WT in buffers containing different detergents and then
analyzed NEP protein complexes by Blue Native-PAGE.
Although NEP complexes were dissociated by NP-40
and Triton X-100, the. 300-kDa complexes were resistant
to treatment with DDM and digitonin (Fig. 4A). Next,
we investigated the effect of dimerization on the localiza-
tion of NEP in lipid rafts. It has been reported that rabbit
NEP carrying an E403C mutation forms a covalent
homodimer (Hoang et al.,, 1997). We introduced this
mutation into human NEP and assessed its effect on the
localization of NEP in lipid rafts. FLAG-NEP WT and
FLAG-NEP E403C were detected as single 120-kDa
bands after their separation by SDS-PAGE under reduc-
ing conditions (Fig. 4B). A 250-kDa FLAG-NEP E403C
homodimer was detected under nonreducing conditions
(Fig. 4B). These results indicate that, as in rabbit NEP,
the E403C mutation caused human NEP to form of a
covalent homodimer. Interestingly, although NEP WT
complexes (Fig. 4A,C) were not resistant to Triton X-
100, the NEP E403C mutant was resistant to Triton X-
100 and formed a disulfide-bonded complex the same
size as the NEP WT complex. Although we cannot
exclude the possibility that the complex includes other
proteins, the 300-kDa complex (Fig. 4A,C) appears to
represent a covalent NEP homodimer.

Next, we compared the localization of mature
forms of NEP WT and NEP E403C in lipid rafts. The
ratio of the amount of mature NEP localized in lipid
rafts to the total amount of mature NEP was 1.3 times
higher in HEK293 cells overexpressing homodimeric
mutant NEP E403C (47.7%) than in those expressing
NEP WT (35.7%; Fig. 4D). These results demonstrate
that the localization of NEP in lipid rafts was enhanced
by its dimerization.
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Fig. 4. Dimerization and localization of human NEP E403C in lipid
rafts. A: Membrane fractions prepared from HEK293 cells overex-
pressing FLAG-NEP WT (NEP WT) or vector (mock) were
dissolved in buffer containing detergents, such as NP-40, Triton
X-100, DM, and digitonin (all at a concentration of 1%). NEP
complexes were analyzed by Blue Native-PAGE (BN-PAGE) or
SDS-PAGE, followed by Westemn blotting with an anti-FLAG anti-
body. B: Mcmbranc fractions “obtained from HEK293 cclls overex-
pressing FLAG-NEP WT (WT) or FLAG-NEP E403C (E403C)
were analyzed by SDS-PAGE, performed with (left) or without
(right) 2-ME. C: Membrane fractions obtained from HEK293 cells
overexpressing  FLAG-NEP WT (WT) or FLAG-NEP E403C
(E403C) were dissolved in buffer containing 1% Triton X-100 (T)

E403C

or 1% of DDM (D). The resulting lysates were analyzed by Blue
Native-PAGE (BN-PAGE) and Western blotting with an anti-FLAG
antibody. D: Effect of the E403C mutation on the distribution of
NEP in lipid rafts. Lipid rafts from HEK293 cells overexpressing
FLAG-NEP WT (NEP WT) or FLAG-NEP E403C (NEP E403C)
were fractionated by sucrose density-gradient centrifugation and ana-
lyzed by Western blotting with an anti-FLAG antibody. The ratio of
the amount of maturc NEP localized in lipid rafts to the total
amount of mature NEP was determined by densitometric measure-
ment of protein bands corresponding to the mature form of NEP.
Values represent the mean * SD of three experiments. Statistical
analysis was performed using a two-tailed Student’s t-test. *P < 0.05
was considered to indicate statistical significance (bottom graph).
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